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programs, specializing in advanced military space systems. The Corporation's Technology 
Operations supports the effective and timely development and operation of national security 
systems through scientific research and the application of advanced technology. Vital to the 
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evolving space systems. Contributing capabilities are provided by these individual Technology 
Centers: 

Electronics Technology Center: Microelectronics, solid-state device physics, 
VLSI reliability, compound semiconductors, radiation hardening, data storage 
technologies, infrared detector devices and testing; electro-optics, quantum electronics, 
solid-state lasers, optical propagation and communications; cw and pulsed chemical 
laser development, optical resonators, beam control, atmospheric propagation, and 
laser effects and countermeasures; atomic frequency standards, applied laser 
spectroscopy, laser chemistry, laser optoelectronics, phase conjugation and coherent 
imaging, solar cell physics, battery electrochemistry, battery testing and evaluation. 

Mechanics and Materials Technology Center: Evaluation and 
characterization of new materials: metals, alloys, ceramics, polymers and their 
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reliability; fracture mechanics and stress corrosion; development and evaluation of 
hardened components; analysis and evaluation of materials at cryogenic and elevated 
temperatures; launch vehicle and reentry fluid mechanics, heat transfer and flight 
dynamics; chemical and electric propulsion; spacecraft structural mechanics, 
spacecraft survivability and vulnerability assessment; contamination, thermal and 
structural control; high temperature thermomechanics, gas kinetics and radiation; 
lubrication and surface phenomena. 

Space and Environment Technology Center: Magnetospheric, auroral and 
cosmic ray physics, wave-particle interactions, magnetospheric plasma waves; 
atmospheric and ionospheric physics, density and composition of the upper 
atmosphere, remote sensing using atmospheric radiation; solar physics, infrared 
astronomy, infrared signature analysis; effects of solar activity, magnetic storms and 
nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere; effects 
of electromagnetic and paniculate radiations on space systems; space instrumentation; 
propellant chemistry, chemical dynamics, environmental chemistry, trace detection; 
atmospheric chemical reactions, atmospheric optics, light scattering, state-specific 
chemical reactions and radiative signatures of missile plumes, and sensor out-of-field- 
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Abstract 

Oil and water absorption from air into sintered porous nylon can be described by infiltration into 
the pores of the material. This process can be modeled by a diffusion-like mechanism. For water 
absorption, we find a formal diffusion coefficient of 1.5 x lO"4 cm2/min when the nylon is ini- 
tially dry. The diffusion coefficient is 4 x 10-6 cm2/min when the nylon is oil-impregnated prior 
to air exposure. In a 52% RH atmosphere, dry nylon absorbs 3% w/w water, and oil-impregnated 
nylon absorbs 0.6% w/w water. For oil absorption there are three steps: (1) surface absorption 
and infiltration into (2) larger and (3) smaller pores.  Surface absorption is too fast to be mea- 
sured in these experiments. The diffusion coefficient for the second step is 6 x 10-4 cm2/min for 
SRG-60 oil into dry nylon and 4 x lO-4 cm2/min for air-equilibrated nylon.  The diffusion 
coefficient for the third step is about 1 x 10-6 cm2/min for both cases. The total amount of oil 
absorbed is 31% w/w. The interaction between water and nylon is not as strong as that between 
water and cotton-phenolic: oil can replace water, and only a small amount of water can enter 
previously oil-impregnated nylon. 



Acknowledgment 

Funding for this effort was procured through Space and Missile Systems Center Contract F04701 
under an Interagency Agreement from NASA Goddard Space Flight Center 

Vll 



Contents 

1. Introduction  1 

2. Experimental  3 

3. Results and Discussion  5 

3.1 Infiltration Model  5 

3.2 Water Absorption into Dry Nylon  5 

3.3 Oil Absorption into Dry Nylon  7 

3.4 Oil Absorption into Air-equilibrated Nylon  11 

3.5 Water Absorption Into Oil-Impregnated Nylon  12 

4. Conclusions  15 

References  17 

Figures 

1. Water absorption into dry nylon  6 

2. Oil absorption into a typical sample (sample 5) of dry nylon  7 

3. The second step of oil absorption into dry nylon  9 

4. The third step of oil absorption into dry nylon  10 

5. Oil absorption into nylon  11 

6. Water absorption into oil-impregnated nylon  12 

IX 



1.   Introduction 

Porous nylon, also called "Nylasint," has been used for many years in bearing systems in both 
space and terrestrial applications. It is often used as a lubricant reservoir, and sometimes as a ball 
separator (retainer) in ball bearings. This report describes the processes by which both water 
from the atmosphere and lubricating oil enter the material. The effects of water on oil-filled 
nylon and of oil on air-equilibrated nylon are also described.  The behavior of nylon with respect 
to water and oil is very different from that of cotton-phenolic, another commonly used retainer 
material, and similar to the behavior of porous polyimide. 

Porous nylon materials are typically made from polyamide powders with particle sizes of 4 to 
10 urn.  The powders are cold-pressed and then sintered in an inert atmosphere to reduce oxida- 
tion of the polymer. 1  Variations in particle size and sintering processes will affect the porosity of 
the final material. It is well-known that nylon has many pores varying in diameter from 30 to 0.3 
|im. The experiments reported herein were carried out on samples from a single nylon tube and 
with only one oil. In this way, any effects from process variation are minimized; the specific 
values for rate constants and absorption amounts are, of course, specific to this particular piece of 
material and this oil. 



2.    Experimental 

The nylon used in these experiments was from a single piece of tube stock that had been made to 
a specification of 25 to 50% porosity.  The material was cleaned by Soxhlet extraction in ethanol 
overnight, drying in a vacuum oven at 105°C overnight, Soxhlet extraction in heptane overnight, 
and then again drying in the vacuum oven overnight. Samples were cut with a hand saw from the 
piece of tube stock. Eight large samples were cut, with heights of about 1.4 to 1.5 cm along the 
axis of the tube and lengths of about 1.0 to 1.2 cm along the outer curved circumference of the 
tube and 0.6 to 0.8 cm along the inner curved circumference of the tube. The tube was 0.75 cm 
thick. These specimens are referred to as samples 1 through 8. Three small samples were cut, 
one with a height of 1.4 cm and length of about 0.4 cm on each curved edge, and two with 
heights of about 0.6 cm and lengths of about 0.4 cm on each curved edge.  These are referred to 
as samples 9, 10, and 11. The samples were rinsed in heptane after cutting to remove any loose 
particles and baked in the vacuum oven overnight immediately before use. 

Four sets of experiments were performed. 

Set 1:   Samples 1, 2, 3, 4, 9, 10, and 11 were exposed to laboratory air (RH ~ 
50%), and weighed periodically. 

Set 2:   Samples 5, 6, 7, 8, 9, 10, and 11 were weighed immediately after removal 
from the oven (9, 10, and 11 had been baked again), then immersed in 
SRG-60 oil. SRG-60 is a highly refined mineral oil with a viscosity of 
77.6 cS at 100°F and a density of 0.8770 g/cm3. The samples were 
removed periodically, wiped carefully with a lint-free cloth, and weighed. 

Set 3:   After samples 1 and 2 had equilibrated with air (i.e., their weight no 
longer changed with continued exposure), they were immersed in SRG-60 
oil, and their absorption of oil was monitored. 

Set 4:   After samples 7 and 8 had equilibrated with oil, they were placed in a 
controlled-humidity environment. The relative humidity of 52% was 
controlled by a saturated aqueous solution of NaHSO^F^O. They were 
removed periodically, wiped, and weighed. 



3.   Results and Discussion 

3.1 Infiltration Model 
Infiltration into isotropic porous media with interconnected pores can be modeled in a formal 
sense as a diffusion process. In the process under study here, the absorption of either water from 
the air or oil continues until the sample is saturated. The appropriate solution of the diffusion 
equation for saturation of a plane sheet is2 

Mt 8 Y       1 -D(2m + l)27t2t 

Msat ~     %2 ^(2m + l)2 6XP I2 

m=0 

where Mt is the uptake at time t, Msat is the saturation uptake, ^is the sample thickness (in these 
experiments, half the sample thickness since the sample fills from both sides and we ignore the 
edge effects), D is the formal diffusion coefficient, and m is an index. D is related to the porosity 
of the matrix and the permeability of the matrix-fluid system, which may be related to the viscos- 
ity. The specific dependence of D on the viscosity is influenced by the exact flow process 
(whether it is viscous and whether there are capillary, electrical, chemical, or other forces 
involved) and is not predictable in most cases. 

3.2 Water Absorption into Dry Nylon 
The absorption of water from laboratory air is illustrated in Figure 1. The weight increase can be 
fit by the infiltration model with a formal diffusion coefficient of 1.5 x 10-4 cm2/min. Figure la 
shows the results for the large samples (numbers 1, 2, 3, and 4), with^= 0.38 cm.  Figure lb 
shows the results for the small samples (numbers 9, 10, and 11), with^= 0.2 cm. The data for the 
small samples are more scattered than those for the large samples because the amount of water 
absorbed is very small. However, the infiltration model with the same diffusion coefficient as for 
the large samples clearly fits the data. 

The amount of water in nylon at equilibrium with 50% RH air is 2.8% w/w. This is similar to 
porous polyimide3 (2.2% w/w) and different from cotton-phenolic4 (4.6% w/w). 



3.3 Oil Absorption into Dry Nylon 
Over a limited period of time, diffusion-like processes can be fit to a simple absorption amount 
vs. t1/2 relationship. Oil uptake data for Sample 5, which are typical of all the samples, are pre- 
sented in this way in Figure 2. The absorption appears to be a three-step process. The line repre- 
senting the second step intersects the ordinate at a non-zero value; this is probably due to a very 
fast first step, probably adsorption on the external surfaces as well as in very large pores. It 
amounts to 10 to 40 mg in the large samples and 6 to 13 mg in the small samples, or about 10% 
of the final saturation amount of oil absorbed. The line representing the third step intersects the 
ordinate at the weight of oil present at saturation of the second step. This is 185 to 210 mg for 
the large samples and 37 to 75 mg for the small samples (these numbers include the initial sur- 
face absorption and represent about 85% of the saturation amount of oil absorbed).  The last few 
points (corresponding to times greater than 40,000 min) do not lie on the second line.  This 
shows saturation of the sample with oil. Each step will be examined separately below. 
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Figure 2. Oil absorption into a typical sample (sample 5) of dry nylon. 
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Figure 3.    The second step of oil absorption into dry nylon. The curves are the best fit of a 
formal diffusion model to the data, (a) Samples with thickness 0.76 cm. Each 
symbol represents a different sample, (b) Samples with thickness 0.4 cm. Each 
symbol represents a different sample. 



3.4 Oil Absorption into Air-equilibrated Nylon 
Samples 1 and 2 were placed in a bath of SRG-60 oil after they had equilibrated with laboratory air 
(RH -50%). The presence of water in the nylon slowed the absorption of oil, but did not signifi- 
cantly affect the overall amount of oil absorbed. Oil absorption remained a three-step process. 

Figure 5 shows the data and model fit for the second step of oil absorption into air-equilibrated 
and dry nylon.  The formal diffusion coefficient for the air-equilibrated case is 4 x 10~4 

cm2/min, which is 2/s of that for the dry case. The weight gain (relative to dry nylon) in the air- 
equilibrated case is 26 ± 1% w/w, just as in the dry case. Either the water remained in the sample, 
and a lesser weight of oil was absorbed in the air-equilibrated case (i.e., 3% w/w water remained, 
and 23% w/w oil was absorbed), or the water was removed as the oil entered. The oil was 
probably dry since it had been stored in a desiccator for several weeks, and the absorption 
experiments were carried out in the desiccator, so it is highly likely that the water was removed in 
the course of the experiments. 
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Figure 5.    Oil absorption into nylon. + represents samples that were dry before oil 
absorption, 0 represents samples that were equilibrated with room air at 50% RH 
before oil absorption. The curves are the best fit of a formal diffusion model to 
the data. 
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The fact that much less water is absorbed into oil-impregnated nylon is additional evidence that 
oil probably replaced most of the water in the air-equilibrated nylon that was subsequently placed 
in oil. This suggests that there is no strong interaction between nylon and water, unlike the very 
strong interaction between cotton-phenolic and water, which can prevent oil from entering the 
material at all and remove oil that has been previously absorbed. 

When the samples were subsequently placed in a desiccator with CaSÜ4 drying agent for a week, 
their weights returned to the values after filling with oil and before exposure to humid air. Thus, 
no measurable oil was removed by the water as it absorbed. 
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4.    Conclusions 

The absorption of water and oil into nylon is very different from that into cotton-phenolic and 
similar to that into porous polyimide.  Oil and water absorption from air into porous nylon can 
be described by infiltration into the pores of the material. This process can be modeled by a 
diffusion-like mechanism. For water absorption, we find a formal diffusion coefficient of 1.5 x 
10-4 cm2/min when the nylon is initially dry. The diffusion coefficient is 4 x 10-6 cm2/min 
when the nylon is oil-impregnated prior to exposure to moist air. In a 50% RH atmosphere, dry 
nylon absorbs 3% w/w water, and oil-impregnated nylon absorbs 0.6% w/w water. For oil 
absorption, there are three steps, which probably involve infiltration into pores of varying sizes. 
The first step, surface absorption and filling of very large pores, is too fast to be measured in 
these experiments. The diffusion coefficient for the second step, filling of large pores, is 
6 x 10-4 cm2/min for dry nylon and 4 x 10-4 cm2/min for air-equilibrated nylon.  The diffusion 
coefficient for the third step, filling of small pores, is about 1 x 10-6 cm2/min for both cases. 
The total amount of oil absorbed is 31% w/w. 

The interaction between water and nylon is not as strong as that between water and cotton- 
phenolic. Water can prevent the absorption of oil into cotton-phenolic and can drive out oil that 
has already been impregnated into the material. In nylon, oil can replace water, and only a small 
amount of water can enter previously impregnated nylon. Thus, the extremely rigorous 
precautions that must be taken to prevent water absorption by cotton-phenolic need not be taken 
with nylon unless the small amount of water retained even by impregnated material would cause 
problems for the final application. 
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